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ABSTRACT
The Ecology of Darters
in the Elk River, West Virginia
Stuart A. Welsh

The darter fauna in the Elk River, West Virginia, is extremely diverse (18
species); however, few studies exist on its ecology. This dissertation, which consists of
three manuscripts, provides data on the ecology of darters within the Elk River. In the
first manuscript, I estimated allozyme variation in the Tippecanoe (Etheostoma
tippecanoe) and golden (Etheostoma denoncourth darters, fishes with extremely
fragmented distributions. Despite our findings of low variation at 22 loci, frequency
differences at Pgm and Pgdh separated £. tippecanoe and £. denoncourti.
The second manuscript is a study of microhabitat use and partitioning in ten
darter species. While snorkeling, I marked the locations of darters on the stream bed,
and recorded the position of each darter relative to the substrate (under, between, or
on top of rocks), depth, water velocity, and substrate type. I used canonical
discriminant analysis as a descriptive approach to determine which habitat variables
were important in segregating species. Habitat partitioning was associated with
position relative to the substrate, depth, water velocity, and substrate type.
Microhabitat use for species (based on depth and substrate) often differed among sites
of different habitat availability, but was more consistent for water velocity and the
position relative to the substrate. These results indicate that microhabitat variables

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

associated with behavior, such as positioning relative to the substrate, can be
important in habitat partitioning among darters.
In the third manuscript, I examined the influence of spatial scale (sampling area)
on estimates of substrate use in seven benthic darter species. The size of substrate
used by darters was estimated at three spatial scales (25X25 cm, 15X15 cm, and 5X5
cm sampling areas). Indices of substrate use in darters differed when calculated at
slightly different spatial scales. The effect of spatial scale on indices of substrate use
was influenced by substrate heterogeneity and the position of darters relative to the
substrate. In microhabitat studies, substrate use should be examined across several
spatial scales (particularly in fishes that occur in heterogeneous habitat), because
estimates of substrate use are affected by small changes in spatial scale.
i
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INTRODUCTION
This dissertation, which consists of three manuscripts, provides data on the
ecology of darters within the Elk River, West Virginia. In the first manuscript, I
estimated allozyme variation in the Tippecanoe (Etheostoma tippecanoe) and golden
(Etheostoma denoncourti) darters, fishes whose populations have declined dramatically
across their range (Etnier and Starnes 1993, Jenkins and Burkhead 1994). The
distribution of the Tippecanoe darter is highly fragmented, and distribution maps
indicate that population isolates occur in the Cumberland, Ohio, and Tennessee river
drainage systems (Hocutt 1980, Page 1983, Burr and Warren 1986). Stauffer and van
Snik (1996) recently described the populations of E tippecanoe in the Tennessee River
drainage as Etheostoma denoncourti (golden darter). The fragmented distributions of

E tippecanoe and E denoncourti indicate declines in the overall population of each
species. If these declines continue, the extirpation of each population isolate will take
these species closer to extinction (Templeton 1990). If we are to conserve biodiversity,
it is essential that we monitor and provide adequate protection for species (such as E
tippecanoe and E denoncourti) with highly fragmented ranges.
In Chapter 1, I used allozyme data to test the following null hypotheses:

H0:

Allozyme variation does not differ among populations of E tippecanoe.

H0:

Allozyme variation does not differ among populations of E denoncourti.

H0:

Allozyme variation does not differ between populations of E tippecanoe and E

denoncourti.

2
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The second manuscript is a study of microhabitat use and partitioning in ten
darter species in the Elk River drainage, West Virginia. The Elk River darter fauna is
extremely diverse (18 species); however, before this research, no studies existed on
habitat use in darters in the Elk River. My objectives were to describe habitat use and
investigate habitat partitioning in this diverse assemblage of darters. In this research,
canonical discriminant analysis was used as an exploratory and descriptive approach;
therefore, null hypotheses were not tested. Canonical discriminant scores (based on 7
microhabitat variables) were plotted along the CD1 and CD2 axes and used to examine
patterns of habitat partitioning among darter species.
In the third manuscript, I examined the influence of spatial scale (sampling area)
on estimates of substrate use in seven benthic darter species in the Elk River drainage.
I

Substrate is important to stream fishes because it provides spawning, foraging, and

[

resting habitats, as well as protection from predators. Fishery biologists, therefore,

I

must understand substrate use to effectively manage stream fishes, and often measure
substrate use at a microhabitat level. Several spatial scales have been used to
determine the use of substrate at a microhabitat level. However, little is known about

f

how estimates of substrate use in fishes will differ when determined at different spatial

*

scales. In this study, I tested the following null hypothesis:

|

H0:

The sizes of rocks (as determined by rock diameter) that are associated with

i

benthic darters do not differ when measured within a 5x5 cm area, a 15x15 cm area,
and a 25x25 cm area.

3
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The following literature review is separated into three parts that correspond with
chapters 2, 3, and 4. The first part will address the relationships among habitat
fragmentation, small populations, and genetic variation. The second part will address
habitat use and partitioning in stream fishes. The third part will address the influence
of spatial scale on estimates of substrate use in benthic darters.

LITERATURE REVIEW
Conservation science requires an understanding of both genetics and
demographics of small populations (Lande and Shannon 1996), and of the ecology of
species (Simberloff 1988, Pimm 1991) and ecosystems (Soule 1987, Bisson 1995).
This dissertation has stemmed from a concern for the Elk River ecosystem - a
t

I

watershed that contains the highest diversity of fishes in West Virginia, including 18

.

species of darters (Stauffer et al. 1995). Little is known about the ecology of darters in
the Elk River; however, distribution data (Addair 1944, Stauffer et al. 1995) indicated
that only a few of these darters are rare (e.g., Etheostoma maculatum and Crystallaria
asprella). Conservation is typically thought of as a crisis discipline (Primack 1993), and
is focused often on species that aredeclining or rare.However,
j

to preserve areas of highdiversity (Williams et al.1989, Li

|

River, West Virginia.

I

Habitat fragmentation

(
*

an emerging view is

et al. 1995),such as the Elk

The conservation of North American freshwater fishes has become an
increasingly important issue because of the extensive population declines associated
with habitat loss and fragmentation (Hughes and Noss 1992, Warren and Burr 1994).
During this century, habitat losses owing to channelization, pollution, or dam
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construction have occurred on most streams (Benke 1990, Moyle and Leidy 1992) and
are associated with the dramatic population declines of over one-third of the North
American freshwater fish fauna (Miller et al. 1989, Williams et al. 1989).
Channelization, pollution, and dam construction result in habitat loss at a local scale
(Etnier et al. 1979, Neves and Angermeier 1990, Sedell et al. 1990) but do not
immediately cause the extinction of a fish with a large geographic range. However,
these habitat losses fragment fish distributions at a regional scale, resulting in
insularization - the disruption of a continuous range into many smaller and
geographically-separate populations (Wilcox 1980).
Small populations formed by insularization are susceptible to extinction for
several reasons. First, the risk of extinction increases as habitat area decreases, as
i
i-

predicted by the island biogeographic theory (MacArthur and Wilson 1967, Quinn and
Hastings 1987). Second, small populations are vulnerable to Allee effects (Simberloff
1988, Dennis 1989, Dobson et al. 1992) and demographic and environmental
stochasticity (Shaffer 1987). Third, the accumulation of deleterious mutations
t
r
I

enhances the extinction risk of small populations (Gabriel and Burger 1994). Finally,
genetic variation is typically reduced in small populations (see review below), thereby

|

increasing the risk of extinction (Frankel and Soule 1981).

I

Conservation genetics and freshwater fishes
Conservation genetics includes the study of gene flow and genetic variation

i

within and among populations that are declining or rare (Caughley 1994, Loeschcke et
al. 1994), with the overall goal of maintaining genetic diversity (Frankel 1974, Soule
1987, Frankham 1995). Small populations that result from habitat fragmentation are
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initially vulnerable to founder effects that reduce genetic variation (Provine 1989).
Subsequently, genetic drift, inbreeding, and bottleneck effects reduce genetic variation
in small populations (Lande and Barrowclough 1987). Genetic variation is important in
conservation, because the level of heterozygosity is often positively correlated with
fitness-correlated traits (Mitton and Grant 1984, Allendorf and Leary 1986, Mitton
1994). Researchers have found a decrease in heterozygosity at protein-coding loci to
be associated with declines in disease resistance (Ferguson and Drahushchak 1990),
decreased growth rates (Beachum and Withler 1985, King 1985), and decreased
reproductive success (DiMichele and Powers 1982, Danzmann et al. 1986, Danzmann
et al. 1987). Reductions in genetic variation decrease the potential to adapt to
environmental changes (Kirpichnikov 1992, Carvalho 1993, Mills and Smouse 1994).
Population models and gene flow

An understanding of the patterns of gene flow within or among populations is
important in understanding the genetic structure of populations. Gene flow within or
among populations is often associated with one of four population models: panmixia,
isolation by distance, disjunct subpopulations (Richardson et al. 1986), and
metapopulations (Hastings and Harrison 1994). In the panmictic model, gene flow is
not inhibited, which results in a genetically-similar population. The isolation by
distance model and stepping stone model (Kimura and Weiss 1964) occur when gene
flow is common among geographically-proximate individuals, but decreases with
distance. The metapopulation model is represented by subpopulations where
colonization balances extinction of local populations (Hanski 1994, Hastings and
Harrison 1994). The disjunct subpopulation model occurs when reproductive isolation
6
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occurs among subpopulations owing to some barrier to gene flow (Meffe and
Vrijenhoek 1988). All of these population models may apply to a species depending on
range size and the scale of observation.
Because insularization subdivides a continuous range, it is important to
understand its effect on gene flow. Gene flow within or among populations of stream
fishes is governed partly by the linear and hierarchical structure of river systems;
genetic exchange occurs among individuals that are geographically-proximate, but
becomes less likely as distance increases (Meffe and Vrijenhoek 1988). Therefore, an
isolation by distance model exists for stream fishes with low vagilities and large
continuous ranges. After insularization of a continuous range, gene flow changes
from an isolation by distance model to a metapopulation or disjunct subpopulation
model. Large distances among subpopulations and restrictions on dispersal (e.g.,
dams or evolutionary constraints) inhibit recolonization (Saunders et al 1991, Doak and
Mills 1994) and promote disjunct subpopulations. Indeed, large-scale habitat
degradation and restrictions to dispersal have fragmented the range of many riverine
fishes resulting in disjunct subpopulations (Moyle and Leidy 1992, Freeman and
Freeman 1994, Epifanio etal. 1996).

Resource partitioning
Resource partitioning, the segregation of two or more sympatric species along
an axis of resource use (Hutchinson 1959, MacArthur 1970), has been attributed to
proximate factors, such as predation and competition (Schoener 1982), ultimate
factors, such as morphology (Mayden 1987, Gorman 1992), and abiotic factors, such
as environmental and habitat heterogeneity (Wiens 1977). Proximate and ultimate
7
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factors are often inseparable, because historical factors, such as morphology, influence
current competition and predation [e.g., “the ghost of competition past theory” (Connell
1980), and “coevolutionary-structured communities” (Rummel and Roughgarden
1983)]. Abiotic factors are often stochastic and may influence the effects of competition
on resource partitioning by limiting resource availability (Wiens 1977).
Researchers have concluded that proximate factors, e.g., biotic interactions
such as competition (Connell 1980, Diamond 1978) and predation (Mittelbach 1984,
Schlosser 1987), influence how animals use and partition resources. Competition is
expected to influence resource partitioning, because its increase is associated with a
decrease in resource availability. Competition is expected to be highest among
|

closely-related organisms because of their similarities in morphology and resource

i

I

requirements (Abrams 1983). Theories of limiting similarity (MacArthur and Levins
1967) and competitive exclusion (Hardin 1960) and empirical studies of character
release and displacement (Robinson and Wilson 1994) indicate that competition
,•

influences resource partitioning. Studies have also shown that fishes shift resource

\

use to avoid predation (Fraser and Cerri 1982, Wemer et al. 1983, Power 1987, Fraser

■

etal. 1987).

*
I
I

Avian ecologists have attributed resource partitioning to differences in

|

morphology (an historical influence) (Amadon 1947, Lack 1947); this association has

|

also been reported in fishes (Wehnes 1973, Gatz 1979, Paine et al. 1982, Page and
Swofford 1984, Schlosser and Toth 1984). For example, fishes with subterminal
mouths feed along the bottom of streams, whereas those with upturned mouths feed on
the surface. In addition, variation in pharyngeal teeth and gill rakers constrain feeding
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behavior and habitat use (Werner and Hall 1974, Meyer 1990). Also, body, fin, caudal
peduncle, and pigmentation shapes are associated with habitat use in fishes (Page
1983).
Researchers have also indicated that abiotic factors associated with habitat
heterogeneity (Hilden 1965, August 1983, Hildrew and Giller 1992), such as
disturbance (Levin and Paine 1974, Sousa 1984) and temperature (Hill and Matthews
1980, Ingersoll and Claussen 1984, Stauffer et al. 1984), influence resource
partitioning. Habitat heterogeneity influences species diversity (Simpson 1964, Shmida
and Wilson 1985), and studies have addressed its relationship to resource partitioning
in vertebrates, such as lizards (Schoener 1970, Pianka 1973, Huey and Pianka 1981,
Losos 1994), birds (Terborgh 1977, Finch 1989) and desert rodents (Kotler and Brown
1988, Brown and Zeng 1989). Fish ecologists have studied the effects of changes in
flow on resource use (Schlosser and Toth 1984, Bain et al. 1988, Heggenes 1988, Pert
and Erman 1994, Shirvell 1994); however, little is known about the relationship
between habitat partitioning and measures of habitat heterogeneity in stream fish
communities.

Substrate quantification
Substrate often varies in size, providing a heterogeneous habitat that changes
temporally, longitudinally, laterally, and vertically (into the hyporheic zone) along the
streambed (Hildrew and Giller 1992). Substrate is important to fishes because of its
association with spawning, foraging, resting, and predator avoidance (Hynes 1970),
and can be examined at different scales along the linear hierarchy of the stream, such
as the stream, segment, reach, riffle/pool, mesohabitat, and microhabitat (Frissell et al.
9
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1986, Hildrew and Giller 1992, Vadas and Orth 1997). Quantitative estimates of
substrate composition are generally done at small scales and require more time than
qualitative approaches, but provide more specific information about the habitat
(Simonson 1993).
Fisheries managers and researchers often describe substrate composition in
streams (along with velocity and depth) to determine habitat use and habitat availability
(McMahon et al. 1996). The estimation of substrate composition is an essential part of
studies on instream flows (Bovee 1986), sedimentation (Young et al. 1991), the ecology
of stream fishes (Ross 1986, Baltz 1990), and the conservation of fishes that are
threatened, endangered or of special concern (Daniels 1993, Kessler and Thorp 1993,
Freeman and Freeman 1994). Many investigators who have studied habitat
partitioning have found substrate to be less important than velocity in segregating
species; however, velocity is strongly influenced by substrate. In fact, many fishes are
substrate-specific (Daniels 1993), especially while spawning, e.g., cyprinids (Johnston
and Page 1992), salmonids (Crisp and Carling 1989, Witzel and MacCrimmon 1983),
and percids (Page 1983).
Substrate quantification at the microhabitat scale

Two common approaches to quantifying substrate are to visually estimate the
dominant substrate size or the percent substrate composition within a quadrat. In this
visual estimation approach, a subdivided quadrat is centered at a point of interest on
the streambed, and the percent of each substrate type or the dominant substrate size
(based on a modified Wentworth scale) is recorded for each cell. Next, the scores for
each cell within the quadrat are averaged to get an index of substrate size.
10
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Visual estimation of substrate composition requires less time than other
techniques, such as core sampling or mechanical sieving (Wang et al. 1996), but is not
without problems (Bain et al. 1985). First, categorical data are inconsistent with
continuous habitat measurements, such as velocity and depth (Bain et al. 1985). Also,
the same substrate index can be calculated for two quadrats with different substrate
composition. For example, based on 10 substrate size classes, a quadrat subdivided
into 20 cells would give an index of 5 if all cells contained size 5 substrate, or if half
contained size 9 and the remaining contained size 1. However, this can be resolved by
using the standard deviation as an index of heterogeneity (Bain et al. 1985). In the
example above, a standard deviation of 0 would occur if all cells were 5, and of 4.1 if
half were size 1 and size 9. Also, resolution is a problem when using the dominant
rock size for estimating substrate, because the uncommon particle sizes within a cell
are not recorded, resulting in a loss of information (Bain et al. 1985). This problem will
likely be reduced by subdividing the sampling quadrat into smaller cells and increasing
the number of rock size classes. However, increasing the number of cells within a
quadrat also increases the amount of time it takes to record data.
Estimates of substrate composition are likely influenced by spatial scale,
particularly in streams with high substrate heterogeneity. Little is known, however,
about the influence of quadrat size on estimates of substrate composition. Simonson
(1993) used a 30 x 30 cm quadrat subdivided into 9 10 x 10 cm cells to estimate
substrate composition in streams < 10 m wide and suggested that larger quadrats may
be more appropriate in wider streams. Several other quadrat sizes have been used for
quantifying substrate in streams, e.g., a 100 x 100 cm quadrat subdivided into 25 20 x
11
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20 cm cells (Chipps et al. 1995), a 76 x 76 cm quadrat divided into 1 6 1 9 x 1 9 c m cells
(Greenberg 1991), a 25 x 25 cm quadrat subdivided into 25 5 x 5 cm cells (Stauffer et
al. 1996).
Presumably, the size of area that is important biologically differs among species.
This follows the concept of environmental grain (Levins 1968), i.e., how an organism
perceives its environment. Small quadrats may be appropriate in studies of small
benthic fishes that are primarily sedentary or juveniles of larger fishes (e.g., Greenberg
and Holtzman 1987, Hill and Grossman 1987, but see Fausch and Young 1995).
Conversely, larger quadrats may be more effective in describing habitat use in fishes
that use wider areas in streams. Small quadrats may exclude substrate that is
biologically important at a mesohabitat scale. For example, some fishes rest or forage
i

downstream of boulders in areas of slow velocity (Fausch 1984). For this example, one
could argue that a spatial scale large enough to include the boulders is needed to
adequately describe substrate use. At some point of increase in spatial scale,
however, the variation in substrate size will obscure differences in substrate use among
species.
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Chapter 2

Genetic variation and population divergence in Etheostoma tippecanoe and £.
denoncourti1

1Welsh, S.A., S.A. Perry, and J.H. Howard. Will be submitted to Copeia.
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ABSTRACT
The Tippecanoe darter (Etheostoma tippecanoel has an extremely fragmented range with
isolated populations widely distributed within the Cumberland and Ohio river drainages. Its range
previously included the Tennessee River drainage; however, these populations were recently
described as a new species (golden darter, Etheostoma denoncourti). based on morphological
data. To determine patterns of genetic variation within and between species, 22 loci in 12
populations o f E- tippecanoeTand four populations o f E- denoncourti. were examined with
horizontal starch gel electrophoresis. Low allozyme variation occurred across the range o f both
species; however, frequency variation at two loci (Pgm and Pgdh) separated these species.
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Etheostoma tippecanoe (Percidae: Etheostomatini), the Tippecanoe darter, has an
extremely fragmented distribution; populations occur in the Cumberland and Ohio river drainages.
The range of E. tippecanoe previously included the Tennessee River drainage; however, the
Tennessee River populations were recently described as a new species (Etheostoma denoncourti.
golden darter) based on morphological characters (Stauffer and van Snik 1997). Etheostoma
tippecanoe and E- denoncourti are the smallest members o f the subgenus Nothonotus: adults are
rarely larger than 35mm SL. Individuals of both species are shortlived (recent evidence indicates
two years, Etnier and Starnes, 1993; T.P. Simon, IDNR report, unpubl., 1995), and occur in
medium to large rivers with relatively diverse ichthyofaunas (Etnier and Starnes, 1993; Jenkins
and Burkhead, 1994; Stauffer et al., 1995). One purpose o f this paper is to test the taxonomic
distinctness between E- tippecanoe and E- denoncourti by evaluating their level o f genetic
divergence.
Understanding genetic variation within species is also important in developing
conservation plans, especially for species with fragmented ranges (Vrijenhoek et al. 1985; Meffe,
1987; Allendorf and Leary, 1988; Epifanio et al., 1996). Genetic losses due to drift, inbreeding,
and bottlenecks can occur in species with highly fragmented ranges (see reviews by Primack,
1990; Frankham 1995), such as E- tippecanoe and E denoncourti. and have been associated with
decreased fitness ( DiMichele and Powers, 1982; Beachum and Withler, 1985; King, 1985;
Danzmann et al., 1987; Ferguson and Drahushchak, 1990). Populations with low genetic
variation have also been associated with a loss of adaptive potential in changing environments
(Lande and Shannon, 1996).
In this study, we examined genetic variation within and among populations o f Etippecanoe and E- denoncourti. Our objectives were to compare allozyme variation in E
27

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

tippecanoe and E- denoncourti with other taxa, and to determine if allozyme data are consistent
with the morphological data supporting the species recognition of E- denoncourti.
METHODS
Individuals o f E- tippecanoe from 12 populations and E. denoncourti from four
populations (Fig. 1) were seined (see Material Examined), transported alive or on dry ice, and
stored at -82 C. We used horizontal starch gel electrophoresis to examine 22 allozyme loci in
each population (Table 1). Muscle and brain/eye tissues from frozen specimens were
homogenized in distilled water and centrifuged at 12,800 g for three minutes. Homogenates were
applied to 13% starch gels, and staining techniques were modified from Allendorf et al. (1977).
The amount of muscle, brain, and eye tissues were limited because o f the small size of £•
tippecanoe and £. denoncourti: therefore, we screened several buffer systems and chose the
?

following two that resolved the most loci: Ridgeway (Ridgeway et al. 1970) and amine citrate
(Clayton and Tretiak 1972). Enzyme nomenclature follows that of the International Union of

I
\

Biochemists (1984); however, peptidases are listed by substrate.
We analyzed gene frequency data with the BIOSYS-1 statistical package (Swofford and
Selander 1981). For each population, we computed mean heterozygosity, the percentage of
polymorphic loci, and the mean number of alleles per locus. We also tested whether genotypic

i

frequencies deviated from Hardy-Weinberg expectations, calculated F-statistics and heterogeneity
k>

chi-square statistics, and estimated the following genetic distances: arc and chord (Cavalli-Sforza
and Edwards 1967), Rogers (Rogers 1972), modified Rogers, and Prevosti (Wright 1978). Using
genetic distances and the Multiple Addition Criterion procedure of Swofford (1981),
distance-Wagner trees (Farris, 1971) were constructed and rooted with the outgroups £.
camurum and £. maculatum.
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RESULTS
The following 16 o f the 22 loci were monomorphic in both E- tippecanoe and Edenoncourti: Ck-A, Ck-B, Est-1, Gp-1, Idh-A, Idh-B, Mdh-A, Mdh-B, Pep-1, Pep-2, Pep-3, LdhA, Ldh-C, G3pdh, Fbp, and Sod. Additional monomorphic loci occurred in E. tippecanoe (Gpi-B
and Aat-B) and E- denoncourti (Gpi-A and Ldh-B). No allozyme variation occurred in the Green
and Little Barren river populations of E- tippecanoe. or in the Buffalo river population of Edenoncourti.
Three polymorphic loci (Pgdh, Ldh-B, and Gpi-A) occurred in £. tippecanoe and three
(Aat-B, Gpi-B, and Pgm) occurred in £• denoncourti (see Appendix). Three additional loci, AatA, Mpi, and Pep (Phe-Pro substrate), appeared to be polymorphic, but were poorly resolved and
excluded from the analysis. In E- tippecanoe. two of the three polymorphic loci occurred in single
populations (Gpi-A in the Red River population and Ldh-B in the Big South Fork population).
All populations o f E- tippecanoe (except the Green and Little Barren river populations) were
polymorphic for Pgdh. In E- denoncourti. two o f the three polymorphic loci occurred in single
populations (Aat-B in the Duck River population and Gpi-B in the Clinch River population). The

■w y

Clinch, Duck, and Sequatchie river populations o f E- denoncourti were polymorphic for Pgm;
however, the Buffalo River population was fixed for the alternate allele. Genotype frequencies
deviated significantly (p £ 0.05) from Hardy-Weinberg expectations at the Pgdh locus in all
populations of E- tippecanoe (except for the Green and Little Barren populations), at Ldh-B in the
Big South Fork population, at Gpi-A in the Red River population, at Gpi-B in the Clinch River
population, and at Pgm in the Clinch and Duck river populations. In E- tippecanoe. the mean
number o f alleles per locus (1.02, range 1.0 - 1.2), mean percentage of polymorphic loci (4.52,
range 0.0 - 9.1), and mean heterozygosity (0.015, range 0.000 - 0.033), were lower than those in
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£. denoncourti (1.05, range 1.0 - 1.1; 5.68, range 0.0 - 9.1; 0.019, range 0.000 - 0.036; Table 2).
No fixed differences occurred between £. denoncourti and £ . tippecanoe. An alternate
allele at Pgdh, however, was present in 10 of the 12 populations o f E. tippecanoe and absent in ail
populations of E. denoncourti. In addition, an alternate allele at Pgm was present in all
populations ofE. denoncourti and absent in all populations o f E. tippecanoe. Because o f
differences in allele frequencies at Pgdh and Pgm, all trees produced by distance-Wagner analysis
depicted the Clinch River population o f E- denoncourti as basal to an £. tippecanoe clade.
Distance-Wagner analysis, however, did not depict the four populations o f £. denoncourti as a
clade (Fig. 2). The lengths o f distance-Wagner trees for Rogers (0.315; see Fig. 2) and Prevosti
(0.318) genetic distances were shorter than those for Cavalli-Sforza and Edwards chord (0.921)
and arc (0.982), and modified Rogers (0.960); however, all trees depicted similar topologies.
For the 12 populations of £. tippecanoe. genetic heterogeneity was significant for all
polymorphic loci; Gpi-A ( x2 -- 41.70, p = 0.000); Ldh-B ( x2 = 20.39 , p = 0.040); Pgdh ( x2 =
174.67, p = 0.000). Genetic divergence was “extremely high”, sensu Hard (1981), across all
populations of E- tippecanoe (F„ =0.376), and among the Cumberland (Big South Fork, Harpeth,
and Red) River populations (F„ =0.555). Little genetic divergence was detected among the lower
Ohio (Licking and Redbird) and Tippecanoe river populations (F„ = 0.115), and the upper Ohio
(Big Darby, Elk, French, and Little Kanawha) River populations (Fu = 0.115). No genetic
divergence was observed between the Green (Green and Little Barren) River populations (F„ =
0.000).
In E. denoncourti. genetic heterogeneity was significant for all polymorphic loci except
Gpi-B (x2 = 1.53, p = 0.676); Aat-B (x2 = 66.12, p = 0.000); Pgm (x2 = 65.80, p = 0.000).
Genetic divergence was extremely high across the four populations o f E. denoncourti (F„ =0.400).
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Genetic divergence decreased (F„ = 0.227) when the combined Duck and Buffalo river
populations o f E- denoncourti were examined (exclusive of the Clinch and Sequatchie river
populations), and genetic heterogeneity was significant for Aat-B (x2 = 19.29, p = 0.000) and
Pgm (x2 = 4.6, p = 0.032). For the combined Clinch and Sequatchie river populations (exclusive
o f the Duck and Buffalo), F„ was low (F. = 0.124); however, significant heterogeneity occurred
for the Pgm locus (x2 = 10.98, p = 0.001).
DISCUSSION
Before the description o f E- denoncourti (Stauffer and van Snik, 1997), some researchers
suggested that morphological differences across the range o f E- tippecanoe were not sufficient to
recognize separate species (Zorach, 1967; Etnier and Starnes, 1993). Although we found
differences in allele frequencies at Pgdh and Pgm, distance-Wagner analysis did not depict E.
tippecanoe and E- denoncourti as separate clades. Variation at the Aat-A locus appeared to
separate E- tippecanoe and E- denoncourti. but was not included in the analysis due to poor
resolution. Etheostoma tippecanoe and £. denoncourti. however, were depicted as separate
clades when variation at the Aat-A locus was included in the analysis. We will try to resolve
additional loci before publishing this manuscript, because our analyses and those of Wood (1996)
indicate additional polymorphic loci, such as Aat-A and Mpi.
The proportion o f heterozygotes in E- tippecanoe (0.01S) and E- denoncourti (0.019) was
within the range (0.005 to 0.050) of those found in Wood’s (1996) study of Nothonotus. In that
study, Wood (1996) examined 38 loci and found a higher proportion of heterozygotes in the Red
and Little Barren river populations of E- tippecanoe (0.039 and 0.039) relative to that found in
our study (0.018 and 0.000). This indicates that the lower number of loci examined in our study
underestimated the proportion o f heterozygotes. Our values for the proportion of heterozygotes
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and those of Wood (1996) are less than those reported for minnows in the genus Notropis (Wood
and Mayden, 1992; Mayden and Matson, 1992), but similar to studies of other fishes with
fragmented ranges, such as sculpins (Howard and Morgan, 1993; Raesly et al., in press). One
would expect low allozyme variation in £. tippecanoe and £. denoncourti because o f their
extremely fragmented ranges and large fluctuations in population density (Trautman, 1981;
Warren et al., 1986; Etnier and Starnes, 1993; Jenkins and Burkhead, 1994). Large fluctuations
in population density suggest that these species may be vulnerable to reduced genetic variation
through bottlenecks. During times of low population size, inbreeding may reduce genetic
variation in populations of E. tippecanoe and £. denoncourti.
Geographic patterns of genetic variation across the range of £ tippecanoe were not
i

consistent with “the stream hierarchy model” of Meffe and Vrijenhoek (1988) - a model which
predicts that proximate populations will be more genetically similar than populations that are
geographically farther apart. Large geographic distances between populations and habitat
alterations that inhibit dispersal, such as dams, channelization, and pollution, presumably prevent
gene flow among populations of £. tippecanoe. Although £. tippecanoe occurs primarily in large
rivers, environmental conditions and habitat characteristics differ across its range, and one might
expect that this habitat variation would favor genetic divergence (Carvalho, 1993). Relationships

\

depicted by genetic distances among populations of £ . tippecanoe (see Fig. 2), however, were
determined by frequency variation at one locus (Pgdh) and are likely explained by genetic drift.
Relationships within £. denoncourti were also based on frequency variation at one locus (Pgm);
however, two proximate populations (Duck and Buffalo) were similar owing to higher frequencies
of the alternate “b” allele.
In summary, the analysis of 22 loci indicated low allozyme variation in £. tippecanoe and
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£. denoncourti. The higher proportion of heterozygotes found in a previous study involving 38
loci and two populations o f E- tippecanoe suggests that our study underestimated variation.
Despite our findings o f low variation o f allozymes, frequency differences at Pgm and Pgdh
separated E tippecanoe and £. denoncourti. Although our data do not provide strong support for
the independent-species status of E- denoncourti. additional loci should be examined before
reaching a final conclusion on allozyme differences between these species.
MATERIAL EXAMINED
Ingroup taxa: Etheostoma tippecanoe. - Tippecanoe River at Hwy 18 bridge, Carroll Co., IN
(n=15), Big Darby Creek in Battelle-Darby Park near Columbus, OH (n=20), French Creek at
Cochranton, PA (n=20), Elk River at Clendenin, WV (n=25), Little Kanawha River near Calhoun
Co. Line, Hattie, WV (n=20), Licking River at Butler, KY (n=20), Little Barren River at Hwy 88
bridge, Green County, KY (n=20), Green River at Roachville Crossing, Green County, KY
(n=20), Redbird Creek at mouth of Sextons Creek, Owsley County, KY (n=20). Big South Fork
Cumberland River at mouth of Station Camp Creek, Scott County, TN (n=20), Red River at
bridge on Keysburg Road, Robertson County TN (n = 2), Red River at bridge on Porters Chapel
Road, Robertson County TN (n = 3), Harpeth River in Narrows of the Harpeth State Park,
Cheatham County, TN (n=20). Etheostoma denoncourti.- Clinch River at Kyles Ford, Hancock
County, TN (n-29), Duck River at mouth of Fountain Creek, Southeast of Columbia, Maury
County, TN (n=14). Sequatchie River on Rt. 27, South o f Whitwell, Marion County, TN (n=l5).
Buffalo River at Rt. 13 bridge, North of Lobelville, Perry County, TN (n=15).
Outgroup taxa: Etheostoma camurum. - French Creek at Cochranton, PA (n=6). Etheostoma
maculatum. - French Creek at Carlton, PA (n=6).
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TABLE 1. ENZYME SYSTEMS EXAMINED FOR POPULATIONS OF Etheostoma tippecanoe AND
Etheostoma denoncourti.

Enzyme

Locus

Tissue

Buffer
System*

Aspartate aminotransferase (EC 2.6.1.1)

Aat-B

Muscle

RW

Creatine kinase (EC 2.7.3.2)

Ck-A

Brain/eye

RW

Ck-B

Brain/eye

RW

L-leucyl-L-alanine

Pep-1

Muscle

RW

Gly-Leu

Pep-2

Muscle

RW

Gly-Leu

Pep-3

Muscle

RW

Esterase

Est-1

Brain/eye

RW

Fructose diphosphatase (EC 3.1.3.11)

Fbp

Muscle

AC

General protein (nonspecific)

Gp-1

Muscle

RW

Glucosephosphate isomerase (EC 3.3.1.9)

Gpi-A

Brain/eye

RW

Gpi-B

Brain/eye

RW

Glycerol-3-phosphate dehydrogenase (EC 1.1.1.8)

G3pdh

Muscle

AC

Isocitrate dehydrogenase (EC 1.1.1.42)

Idh-A

Muscle

AC

Idh-B

Muscle

AC

Ldh-A

Muscle

RW

Ldh-B

Brain/eye

RW

Ldh-C

Brain/eye

RW

Mdh-A

Muscle

RW

Mdh-B

Muscle

RW

Phosphoglucomutase (EC 2.7.5.1)

Pgm

Muscle

RW

6-phosphogluconate dehydrogenase (EC 1.1.1.44)

Pgdh

Muscle

AC

Superoxide dismutase (EC 1.15.1.1)

Sod

Brain/eye

RW

Peptidases

Lactate dehydrogenase (EC 1.1.1.27)

'71

Malate dehydrogenase (EC 1.1.1.37)

•RW = Ridgeway (Ridgeway et al. 1970), AC = Amine-citrate (Clayton and Tretiak 1972).
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TABLE 2. ESTIMATES OF GENETIC VARIABILITY IN 12 POPULATIONS OF Etheostoma tippecanoe AND 4 POPULATIONS
OF Etheostoma denoncourti.

Locality

E. tippecanoe
Elk River
Little Kanawha River
Big Darby Creek
French Creek
Tippecanoe River
Licking River
Redbird Creek
Big South Fork River
Harpeth River
Red River
Green River
Little Barren River
E. denoncourti
Duck River
Buffalo River
Clinch River
Sequatchie River

Number o f alleles
Per locus
(Mean ± SE)

Percentage o f loci
Polymorphic
(Mean ± SE)

Proportion o f
heterozygotes observed
(M e a n ± S E )*

Proportion o f
heterozygotes expected
(M e a n ± S E )b

1.0 ±0.0
1.0 ±0.0
1.0 ±0.0
1.0 ±0.0
1.0 ±0.0
1.0 ±0.0
1.0 ±0.0
1.1 ±0.1
1.0 ±0.0
1.1 ±0.1
1.0 ±0.0
1.0 ±0.0

4.5
4.5
4.5
4.5
4.5
4.5
4.5
9.1
4.5
9.1
0.0
0.0

0.027 ± 0.027
0.014 ±0.014
0.020 ± 0.020
0.018 ±0.018
0.033 ± 0.033
0.023 ± 0.023
0.014 ±0.014
0.016 ±0.012
0.002 ± 0.002
0.018 ±0.013
0.000 ± 0.000
0.000 ± 0.000

0.023 ± 0.023
0.012 ±0.012
0.023 ± 0.023
0.022 ± 0.022
0.024 ± 0.024
0.023 ± 0.023
0.012 ±0.012
0.015 ±0.011
0.002 ± 0.002
0.018 ±0.013
0.000 ± 0.000
0.000 ± 0.000

1.1 ±0.1
1.0 ±0.0
1.1 ±0.1
1.0 ±0.0

9.1
0.0
9.1
4.5

0.029 ± 0.020
0.000 ± 0.000
0.009 ± 0.008
0.036 ± 0.036

0.040 ± 0,030
0.000 ± 0.000
0.016 ±0.014
0.023 ± 0.023

a loci with more than one allele are polymorphic
b Unbiased estimate (Nei 1978)

Fig. 1. Collection localities o f Etheostoma tippecanoe ( • ) and Etheostoma denoncourti (■).

i
■f

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

I

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Fig. 2. Distance-Wagner analysis o f Rogers genetic distances among populations of Etheostoma
tippecanoe and Etheostoma denoncourti. The distance-Wagner tree is rooted with two
outgroups; Etheostoma camurum and Etheostoma maculatum
i
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APPENDIX. GENOTYPE DISTRIBUTIONS OF POLYMORPHIC LOCI IN E tippecanoe. E denoncourti. AND OUTGROUPS
Parenthetic values are the number of individuals of each genotype.
E. tippecanoe
Locus

Elk
River

L. Kanawha
River

Big Darby
Creek

Aat-B

aa (25)

aa (20)

aa (20)

aa (20)

Est-1

aa (25)

aa (20)

aa (20)

G3pdh

aa (25)

aa (20)

Gpi-A

aa (20)

Gpi-B

Licking
River

Redbird
Creek

aa (15)

aa (20)

aa (20)

aa (20)

aa (20)

aa (20)

aa(15)

aa (20)

aa (20)

aa (20)

aa (20)

aa (20)

aa (20)

aa (15)

aa (20)

aa (20)

aa (20)

aa (20)

aa (20)

aa (20)

aa (20)

a a(15)

aa (20)

aa (20)

aa(15)

aa (20)

aa (20)

aa (20)

aa (20)

aa (20)

aa (15)

aa (20)

aa (20)

aa (15)

aa (20)

Idh-B

aa (20)

aa (20)

aa (20)

aa (20)

aa(15)

aa (20)

aa (20)

aa (15)

aa (20)

Ldh-B

aa (25)

aa (15)

aa (20)

aa (20)

aa(15)

aa (20)

aa (20)

aa (20)

aa (20)

Pep-3

aa (25)

aa (15)

aa (20)

aa (20)

aa (15)

aa (20)

aa (20)

aa (20)

aa (20)

Pgm

aa (25)

aa (20)

aa (20)

aa (20)

aa (13)

aa (20)

aa (20)

a a (17)

aa (20)

aa (20)

aa (20)

Pgdh

French
Creek

Tippecanoe
River

aa (5)

aa (14)

aa (7)

aa (4)

aa (2)

aa (5)

ab (6)

ab (14)

ab (6)

ab (9)

ab (8)

a b (ll)

ab (10)

bb (14)

bb (5)

bb (4)

bb (8)

bb (2)

bb (5)

Green
River

Little Barn
River
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APPENDIX CONTINUED.
£. tippecanoe
Locus

Big South Fork
River

Aat-B

aa (20)

Red
River
aa (S)

]£. denoncourti
Clinch
River

Outgroups

Harpeth
River

Duck
River

Buffalo
River

Sequatchie
River

£ . camurum

£ . maculatum

aa (20)

a a (5 )

a a(13)

a a (2 7 )

aa(15)

aa (6)

aa (6)

a b (3 )
bb (3)
be (2)
c c (l)
Est-1

aa (20)

aa (S)

aa (20)

aa (1 4 )

a a(15)

aa (2 9)

aa (IS )

bb (6)

aa (6)

G3pdh

aa (20)

aa (5 )

aa (20)

aa (1 4 )

aa (15)

aa (2 9)

aa (15)

aa (6)

aa (3)
a b ( l)
bb(2)

o\
Gpi-A

aa (20)

aa (4)

aa (20)

aa (1 4 )

a a(15)

aa (2 9)

aa (20)

a a (1 4 )

aa(15)

a a (2 8 )

aa(15)

aa (6)

aa (6)

aa (6)

aa (6)

ab (1)
Gpi-B

aa (20)

aa (5)

aa(15)

ab (1 )
Idli-B*

aa (20)

aa (3)

aa (20)

aa (1 4 )

aa (15)

aa (29)

aa(15)

bb (6)

bb (6)

Ldh-B

aa (18)

aa (5)

aa (20)

a a (1 4 )

aa(15)

aa (2 9)

aa(15)

bb (6)

aa (6)

aa(15)

aa (6)

bb (6)

cc (6)

bb (6)

aa (6)

aa (6)

ab (2)
Pep-3

aa (20)

aa (5)

aa (20)

a a (1 4 )

aa(15)

aa (29)

Pgm

aa (20)

aa (5)

aa (20)

ab (4)

bb (15)

a a (2 1 )

a a ( l)

a b (5 )

ab (12)

bb (3 )

bb (2)

aa (22)

aa(15)

bb (10)

Pgdh

ab (5)

aa (4)

ab (1)
bb (15) ______________

aa(19)
ab (1)

aa (1 4 )

aa (15)
_

Idli-B was not expressed in E. camurutn and E. maculatum. but was designated as “b” to differentiate from the ingroup taxa.

Chapter 3

Habitat use and partitioning in an assemblage of darters in the Elk River, West
Virginia1

:Welsh, S.A. and S.A. Perry. In press. Environmental Biology of Fishes.
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Synopsis
Microhabitat use and habitat partitioning for 10 darter species (Percidae:
Etheostomatini) were studied by direct observation (snorkeling) at five sites in the Elk
River drainage, West Virginia, U.S.A. We used canonical discriminant analysis and
univariate tests to determine microhabitat variables that were important in segregating
species. Darter species were segregated by depth, substrate size, and water velocity.
In addition, Percina typically occurred in the water column, whereas species of
Etheostoma were benthic and segregated by occurring under, between, and on top of
rocks.
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Introduction
Studies of habitat partitioning are important in understanding not only the
ecology offish communities but also in understanding habitat requirements. Although
a few studies have examined habitat use and partitioning in diverse assemblages of
darters, such as 7 species (Winn 1958), 11 species (Stauffer 1996), and 12 species
(Greenberg 1991), most have been on small assemblages (2-4 species). Researchers
have indicated that sympatric darter species segregate along several resource axes,
such as substrate composition (Stiles 1972, Hlohowskyj & Wissing 1986, Klesser &
Thorp 1993), depth (Fisher & Pearson 1987, Chipps et al. 1994), flow (Matthews 1985,
Fisher & Pearson 1987), diet (Smart & Gee 1979, Paine et al. 1982, Hlohowskyj &
•
£

White 1983, Martin 1984) and temperature (Ingersoll & Claussen 1984). Our

|

objectives were to describe habitat use and investigate habitat partitioning in a diverse

|

assemblage of darters in the Elk River, West Virginia, U.S.A.

I

Methods

I

The Elk River in West Virginia flows west 290 km before entering the Kanawha

j.

River, and drains approximately 3,968 km2 of the Appalachian Plateau Physiographic

|

Province (Stauffer et al. 1995). The Elk River is one of several ‘islands’ of high fish
diversity in the Eastern Highlands of the Mississippi River drainage system.
Approximately 80 native fish species, including 18 species of darters, occur in the Elk
River drainage (Stauffer et ai. 1996); however, few studies exist on the ecology of its
fish fauna. In this study, data on microhabitat use of darters were recorded at three
sites on the Elk River (referred to herein as lower, middle, and upper Elk River) and two
sites on the largest tributary, Birch River, from July through mid-September, 1995
49
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(Figure 1).
We marked the locations of adult darters while snorkeling upstream through
each site during hours of good visibility (9:00 -15:00 h). We conducted underwater
observations in riffles, areas at the base of riffles (i.e., riffle/pool transition habitats),
and runs; however, run habitats were not present at the lower sites on the Birch and Elk
rivers. Microhabitat data were recorded for darters that did not appear to be influenced
by a diver, such as darters that were feeding or resting with their heads positioned
upstream. Microhabitat data for individuals of Ammocrvota pellucida Putnam (eastern
sand darter) were recorded from pool habitat at the lower Birch River site. Individuals
of A- pellucida burrowed into the sand when approached by a diver; therefore, their
locations were marked after being observed from the stream bank. A numbered, leadweighted marker was placed at each darter location, and the marker number, species,
and relationship to cover (under or between rocks, on top of rocks, or positioned above
substrate) were recorded on a dive slate.
Water velocity (cm sec*1), water depth (cm), and substrate composition were
measured at each marker. Water velocity was measured with a flow meter (Model
1205, Scientific Instruments2) at 0.6 of the depth (Bovee 19863) and at 2 cm above the
substrate. We separated substrate into 10 size classes: 0.004-0.06 mm (silt), >0.06 - 2
mm (sand), >0.2 -1 cm, >1 - 3 cm, >3 - 5 cm, >5 -1 0 cm, >10 -1 5 cm, >15 - 20 cm,

2Reference to trade names or manufacturers does not imply government
endorsement of commercial products.
3Bovee, K.D. 1986. Development and evaluation of habitat suitability criteria for
use in the instream flow incremental methodology. Instream Flow
Information Paper No. 21, Biological Report 86:1-28.
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>20 - 25, and >25 cm. A grid of 25, 5 x 5-cm cells was centered over each marker,
and the dominant substrate size class for each cell was recorded. These 25 scores
were averaged to get a substrate index. Substrate heterogeneity at each darter locality
was determined by using the standard deviation of the mean of the 25 scores (Bain
1985). Within the 25 cm2 area, we also recorded substrate embeddedness (coded 1-3
for completely embedded, partly embedded, and unembedded, respectively).
Systematic transect sampling (Simonson 1993) was used to examine habitat
availability at each site. Riffle habitats ranged from 25 to 55 m in length, run habitats
from 25 to 50 m in length, and riffle/pool transition habitats from 3 to 5 m in length.
Mean stream width across sites ranged from 8.5 to 28.5 m (Table 1). Five transect
lines were stretched across the stream in riffles, 3 in runs, and 1 in riffle/pool transition
habitats. Transect lines were equally-spaced along the length of the riffle and run
habitats. Four transect point localities were equally-spaced along each transect line,
and a fifth transect point was placed at the point of greatest depth along each transect
line (Simonson 1993). Habitat was measured at the transect points according to the
procedures described above for microhabitat use. Transect point data for riffle, run,
and riffle/pool habitats were examined separately at each site. Analysis of variance
(ANOVA) and principal components analysis (PCA) of transect data were used to
examine differences in habitat availability in riffle, run, and riffle/pool habitats among
sites.
Microhabitat data for darters in riffle, riffle/pool, and run habitats were examined
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together and separately. We used canonical discriminant analysis (CDA, SAS1989a4)
to determine microhabitat variables that were important in segregating species.
Canonical discriminant analysis was used as a descriptive approach (ordinal data were
treated as continuous). We used univariate tests (t-test, ANOVA, and Tukey-Kramer
multiple comparison tests; SAS 1989b5) to examine for significant differences (p < 0.05)
among species for each continuous variable and as an aid in interpretation of COA.

Results
Habitat differences among sites
A PCA of data recorded from riffle habitats for the five sites indicated that water
velocity was important in separating sites on the Birch River from those on the Elk
River (Figure 2). Riffles at the three sites in the Elk River had significantly (p < 0.05)
greater depth and substrate size than those at the two sites in the Birch River (Table
1). A PCA indicated that run habitat at the upper site in the Birch River had slower
mean velocities than the middle and upper sites in the Elk River (Figure 3). An
ANOVA and Tukey-Kramer multiple comparison test indicated that this difference in run
habitat between the Birch and Elk rivers was significant (p < 0.05). In addition, the run
habitat at the upper site in the Birch River had predominantly pebble/gravel and
bedrock substrate, whereas the run habitats at the upper and middle sites in the Elk
River had a cobble/boulder substrate and little exposed bedrock. Sand was the
predominant substrate type in the riffle/pool habitat at the upper site in the Birch River.

4SAS, 1989a. SAS/STAT user’s guide, SAS Institute Inc., Cary, North Carolina.
sSAS, 1989b. JMP user's guide, SAS Institute Inc., Cary, North Carolina.
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Riffle/pool habitats in the Elk River were faster and deeper than those in the Birch
River; however, these differences were not significant owing possibly to small sample
sizes.

MtoshabitaLiae
We collected microhabitat data for 10 darters: A- pellucida (eastern sand darter),
Etheostoma blennioides Rafinesque (greenside darter), Etheostoma caeruleum Storer
(rainbow darter), Etheostoma camurum Cope (bluebreast darter), Etheostoma
tippecanoe Jordan and Evermann (Tippecanoe darter), Etheostoma variatum Kirtland
(variegate darter), Etheostoma zonale Cope (banded darter), Percina caorodes
Rafinesque (logperch), Percina macroceohala Cope (longhead darter), and Percina
scieca Swain (dusky darter) (Table 2). Etheostoma blennioides. £. caeruleum. £.
camurum. £. tippecanoe. £. variatum. and E. zonale were sympatric in riffles, and two
of these species (£. blennioides and £. caeruleum) were observed in runs. Percina
caorodes and & macroceohala were almost always positioned above the substrate and
occurred predominantly in riffle/pool transition habitats. Etheostoma flabellare
Rafinesque (fantail darter), Etheostoma nigrum Rafinesque (johnny darter), Percina
evides Jordan and Copeland (gilt darter), and Percina oxvrhvnchus Hubbs and Raney
(sharpnose darter) were each observed at one site only; but sample sizes were too
small for analysis. The other four, Crvstallaria asorella Jordan (crystal darter), Percina
t
j
f

cooelandi Jordan (channel darter), Percina maculata Girard (blackside darter), and
Etheostoma maculatum Kirtland (spotted darter) were not observed while snorkeling.
Ammocrvpta. Etheostoma. and Percina species
Individuals of A- pellucida were observed in shallow pool habitat at the lower site
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in the Birch River and were associated with sand substrate and slow water velocities
(Table 2). Etheostoma occurred primarily in riffles, whereas Percina were more
common in riffle/pool habitat (Table 2). A CDA of all data (i.e., data of all habitat types
combined) indicated segregation among Ammocrvpta. Etheostoma. and Percina
(Figure 4). Etheostoma used benthic habitat (under, between, or on top of rocks),
whereas Percina typically occurred in the water column (except for £. sciera). Percina
sciera was associated with low water velocity in the riffle/pool transition area at the
lower site in the Elk River (Table 2), and occurred primarily on top of small woody
debris and sand/boulder substrate. Water velocities associated with Etheostoma were
typically faster than those associated with Percina.
Because of differences in habitat availability, microhabitat data for Etheostoma
in riffles were examined for the Elk and Birch rivers separately. A CDA indicated that
the position of the fish relative to the substrate (i.e., under, between, or on top of rocks)
was important in segregating Etheostoma species in riffle habitats (Figures 5a, 5b).
Etheostoma blennioides occurred predominantly on top of rocks (57 of 63
observations), whereas £ . caeruleum and £. zonale typically occurred between rocks
(48 of 63, and 51 of 61 observations, respectively). Based on data for darters that
occurred only between the rocks, £. caeruleum used significantly (p < 0.05) larger
substrate than £. zonale in riffles at the Elk River sites. Etheostoma caeruleum used
slower velocities than £ . zonale in riffles at the lower site in the Birch River.
In riffles, £. camurum. £. tippecanoe and £. variatum were typically associated
with faster water velocities than £. blennioides. £. caeruleum. and £ . zonale (Table 2).
Etheostoma camurum and £. variatum occurred primarily under rocks (71 of 103, and
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24 of 31 observations, respectively). Etheostoma camurum was associated with
significantly (p < 0.05) higher mean velocities when occurring under rocks than when
occurring between rocks. Conversely, £. tippecanoe was associated with significantly
(p < 0.05) higher mean water velocities when occurring between rocks than when
occurring under rocks. Etheostoma tippecanoe also occurred in the riffle/pool transition
area of the lower site in the Elk River.
In runs, microhabitat data were collected for £. blennioides (middle and upper
Elk River and upper Birch River), and £. caeruleum (middle and upper Elk River).
Etheostoma blennioides occurred on top of rocks in run habitats at all three sites (27 of
32 observations). Etheostoma caeruleum occurred predominantly under the rocks in
run habitats (15 of 22 observations). A CDA indicated differences in position relative
to the substrate, water velocity, depth, and substrate size between £. blennioides and
£. caeruleum in the run habitat at the upper site in the Elk River. Etheostoma
caeruleum was associated with significantly (p < 0.05) deeper habitats, significantly (p
< 0.05) smaller rocks, and significantly (p < 0.05) faster mean velocities than £.
blennioides in the run habitat at the upper site in the Elk River (Table 2). Sample sizes
for darters in run habitats at the middle Elk and upper Birch river sites were too small
for analysis of habitat partitioning.
We examined habitat partitioning between £. caorodes and E macroceohala at
the middle and upper sites in the Elk and the upper site in the Birch River. A CDA
indicated that E caorodes used areas of faster water velocity than E macroceohala in
the riffle/pool transition area at the middle and upper sites in Elk River (Figures 6a, 6b).
Percina caprodes at the upper site in the Birch River, however, used areas of deeper
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habitat and smaller substrate size than £. macroceohala (Figure 6c). Although £.
caprodes and £. macrocephala were most common in riffle/pool transition habitats,
these species also occurred in riffle habitats. Percina caprodes occurred in relatively
deeper areas of the riffle habitat at the middle and upper sites in the Elk River, but was
not observed in riffles at the other three sites. Percina macroceohala was observed at
the head of riffles (5 of 41 observations).

Discussion
Although segregation between Percina (positioned above the substrate) and
Etheostoma (benthic) is well known (Page & Swofford 1984), few researchers have
reported differences among species of Etheostoma in position relative to the substrate,
f

In addition, few have examined habitat partitioning across sites that differed in habitat
availability. We found that Percina and Etheostoma were partly segregated by habitat
type (riffle/pool transition verses riffle or run, respectively). Through underwater
observation, we were able to collect data on the position of each darter relative to the
substrate, a variable that was important in segregating Percina and Etheostoma and
also in segregating species of Etheostoma (under, between, or on top of rocks).
Habitat availability and habitat heterogeneity can influence habitat use and
partitioning. Most species differed in habitat use among sites owing to differences in

r

habitat availability. Riffles in the Elk River had higher mean velocities, greater depths,
and larger substrate size than those in the Birch River. Consequently, species of
Etheostoma in riffles in the Elk River had higher mean values for mean velocity, depth,
and substrate size than those in the Birch River. Differences in habitat availability may
explain differences in segregation of £. caeruleum and j=. zonale between the Elk and
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Birch river sites. Etheostoma caeruleum used areas with larger rocks than £. zonale at
the Elk river sites, but no difference between these species occurred in rock size at the
Birch River sites. Riffles at sites in the Birch River had significantly (p < 0.05) smaller
rocks than those at the middle and upper sites in the Elk River. Percina caorodes
occurred in faster velocities in the riffle/pool transition habitat at the middle and upper
sites in the Elk River; however, these species used similar water velocities at the upper
site in the Birch River. Riffle/pool transition habitat at the site in the upper Birch River
had uniformly slow water velocity, whereas those at the middle and upper sites in the
Elk River contained areas of fast and slow velocities. Pool habitats with water depth
greater than 1 m were present, but were not included in this study. An examination of
[
'I

deeper habitats, as well as other environmental variables, may provide more
information on habitat use and partitioning in darters. Percina macroceohala have
been observed in pool habitats (Page 1978) and near macrophytes, such as Justicia
(J.R. Stauffer, Pers. Comm.).
Although we demonstrated that position relative to the substrate, water velocity,
depth, and substrate size are associated with habitat partitioning in darters, many other
factors (ultimate and proximate) are presumably associated with habitat segregation

i

among darter species. Differences in morphology (an ultimate factor) may be
associated with feeding behavior and habitat partitioning in darters (Paine et al. 1982,
Page & Swofford 1984, Schlosser & Toth 1984). Etheostoma caeruleum and £. zonale
occurred syntopically between rocks; however, £. zonale commonly foraged along the
sides of rocks (with their bodies prostrate to the rocks). The subterminal mouth of £.
zonale may be associated with this foraging strategy (Kessler et al. 1995). Kessler et
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al. (1995) reported £. zonale feeding in a similar manner (not on the sides, but on the
tops of rocks). Segregation between £. caprodes and £. macroceohala according to
water velocity may be associated with feeding behavior. Percina caorodes was an
aggressive forager in its stone-rolling behavior. Percina macroceohala foraged around
the base of rocks and paused for several seconds at each rock (a difficult feeding
strategy in high water velocities).
Many factors (biotic and abiotic) are expected to influence habitat partitioning in
diverse fish communities (Ross 1986). We found that habitat partitioning in a diverse
assemblage of darters is associated with position relative to the substrate, depth, water
velocity, and substrate type. Our results indicated that microhabitat use for a species
(based on depth and substrate size) often differed among sites of different habitat

i
.

availability, but was more consistent for water velocity and the position relative to the
substrate. Our results indicate that microhabitat variables associated with behavior,
such as positioning relative to the substrate, can be important in habitat partitioning
among stream fishes.
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Table 1. Mean values for habitat availability data (width and four habitat variables) listed by habitat type (standard
deviations are in parentheses).
W idth

2 caa velocity
(cm sec1)

Mean velocity
(cm aec'1)

14.4
28.5
11.1
8.5
21.5

38.5 (25.9)
32.0(18)
29.6 (14.6)
23.1 (12.8)
37.9 (23.5)

67.2 (28.6)
49.8 (22.5)
32.5 (14.8)
32.5 (18.9)
67.0 (38.4)

25.0 (9.6)
22.0 (7.5)
11.3(5.6)
12.4(4.8)
25.6 (8.6)

7.6(1.7)
7.3 (1.6)
6.2(19)
6.3 (1.7)
6.7 (1.9)

34
22.7
18.9

6.5 (9.9)
5.4 (5.4)
2.6 (5.21

17.3(31.4)
21.6(8.4)
5.3 (9.61

49.6(11.0)
62.4 (24.4)
45.9 (28.61

6.9(22)
7.2 (2.7)
4.7 (3.31

27.9
25.3
8.7

14.2 (8.2)
14.2 (8.3)
12.4 (9.8)

37.6 (13.5)
23.7 (10.6)
20.9 (14.0)

31.1(14.6)
45.8 (16.9)
30.5 (18.2)

7.0 (1.4)
8.0 (0.82)
6.2 (1.3)

(■)

Depth
(cm)

Substrate
size index

Riffle:

Middle Elk
Upper Elk
Upper Birch
Lower Birch
Lower Elk
Riffle/Pool:

Middle Elk
Upper Elk
Unoer Birch
Run:

Middle Elk
Upper Elk
Upper Birch

i
I
£
a

i

i
I
f

I
1

I
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Table 2. Mean values for microhabitat data listed by habitat type (standard deviations are in parentheses).
Sample
size

2 cm velocity
(cm sec'1)

Mean velocity
(cm sec*1)

Depth
(cm)

Substrate
size index

Riffle:
Elk River files
E blennioides
E. caeruleum

47

2 3 .4 (1 3 .3 )

36

23.3 (1 4 .7 )

E. camurum

70

3 3 .9 (1 8 .5 )

E tippecanoe

10

42.1 (2 2 .7 )

7 0 .9 (1 6 .0 )

2 5 .9 (4 .6 )

6 .3 (2 .3 )

E variatum

21

42.1 (2 3 .1 )

60.4 (2 7 .4 )

22.3 (4 .6 )

6 .2 (1.5 )

E zonale

25

2 2.8 (1 4 .9 )

4 0 .3 (2 0 .1 )

1 8 .5 (4 .3 )

6 .5 (1 9 )

P. caprodes

33

2 3 .4 (7 .9 )

5 5 .2 (2 2 .7 )

33.1 (4 .2 )

7 .5 (2 .0 )

E blennioides

16

2 6 .2 (1 5 .0 )

34.3 (1 7 .3 )

13.3 (2 .3 )

6 5 (1 .9 )

E. caeruleum

27

16.4 (1 0 .9 )

2 1 .6 (1 3 .7 )

12.6 (2 .5 )

6.1 (1 .7 )

E camurum

33

3 4 .4 (1 4 .8 )

4 2 .8 (1 9 .8 )

14.5 (2 .8 )

6.1 (1 .6 )

20.4 (6 .3 )

7 .6 (1 .9 )

3 7 .6 (2 1 .8 )

2 1 .2 (7 .9 )

7 .4 (1 .6 )

6 7 .0 (3 0 .4 )

2 3 .5 (6 .7 )

6 .6 (1 .8 )

38.1 (2 3 .6 )

Birch River sites

E tippecanoe

10

3 7 .2 (1 1 .8 )

50.6 (1 0 .0 )

1 4 .0 (3 .1 )

5 6 (1 .2 )

E variatum

10

30.3 (1 6 .1 )

3 4 .8 (1 3 .5 )

1 3 .8 (3 .4 )

5 8 (1 .5 )

E zonale

36

24.7 f9 .8 )

3 1 .6 (1 4 .1 )

13.3 (2.7)

6.1 r i.6 )

E. blennioides

4

16.0 (4 .6 )

36.1 (1 8 .8 )

2 1 .0 (7 .6 )

7.9 (1 .4 )

E. caeruleum

8

2 3 .4 (1 1 .2 )

50.3 (1 3 .0 )

32.1 (1 1 .5 )

7 .4 (1.7 )

Run:
Middle Elk

Upper E lk
£ . blennioides

19

8.0 (3 .8 )

14.9 (7 .0 )

2 7 .9 (1 2 .2 )

8 .2 (2 .2 )

E. caeruleum

14

5.1 (3 .7 )

20.1 (6 .0 )

3 9 .6 (1 1 .5 )

7 .0 (2.2

9

6 .4 (5 .7 )

9.5 (5.8)

23.7 (7.8)

1 0 .0 (0 .0 )

3 4 .2 (1 1 .4 )

57.7 (1 4 .5 )

34.7 (9.9)

5.1 (1 .1 )

4 5 .4 (1 0 .8 )

4 .8 (3 .8 )

Upper Birch
E blennioides

Riffle/pool:
Lower E lk
E tippecanoe

12

P. sciera

19

5.0 (2 .2 )

P. caprodes

14

13.0 (9 .5 )

38.7 (2 6 .4 )

36.6 (9 .1 )

6 .6 (2.1)

P. macrocephala

10

4.4 (6 .5 )

9.5 (14.0)

40.3 (8.5)

6 .4 (1 .9 )

7.2 (3.0)

Middle Elk

Upper E lk
39

11.1 (3 .1 )

25.6 (8 .5 )

4 3 .4 (1 5 .0 )

6 .5 (1 .7 )

7

7.9 (2 .1 )

22.4 (7.6)

45.0 (8 .7 )

6 .7 (1 .8 )

P. caprodes

5

5.5 (7 .2 )

10.4 (9.5)

7 6 .0 (8 .1 )

3 .4 (2 .8 )

P. macroceohala

19

4.1 t t .S l

©

58.7 Cl 3.31

5.3 r2.81

10

0.0 (0 .0 )

0.0 (0.0)

32.4 (6.4)

2 .0 (0 .4 )

P. caprodes
P. macrocephala

Upper Birch
£
00

Pool:
Lower Birch
A. pellucida

63

R e p ro d u ce d w ith p e rm is s io n o f th e c o p y rig h t ow ner. F u rth e r re p ro d u ctio n p ro h ib ite d w ith o u t pe rm issio n .

I
I

Figure 1. Locations of sample sites in the Elk River drainage, West Virginia, U.S.A. The lower,
middle and upper sites in the Elk River are 1, 4 and 5. The lower and upper sites in the Birch
River are 2 and 3.
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Figure 2. PCA-ordination diagram of habitat availability data from riffles; lower (O) .middle (□ ),
and upper (V) sites in the Elk River, and lower ( • ) and upper (■) sites in the Birch River.
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|

Figure 3. PCA-ordination diagram of habitat availability data from runs; middle ( □ ) , and upper
(V) sites in the Elk River, and upper (■) site in the Birch River.
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Figure 4. CDA-ordination diagram of species data from all sites (symbols are located at species
centroids); A- oellucida (P), £. blennioides (B), £. caeruleum (R), £. camurum (C), £ . tippecanoe
(T), £. variatum (V), £. z&oalfi (Z), £. caprodes (L), £. macrocephala (M), and £ . sciera (S).
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Figure 5 a - CDA-ordination diagram of species data from riffles at the Elk River sites; £.
blennioides (B), £. caeruleum (R), £ . camurum (C), £. tippecanoe (T), £. variatum (V), and £.
ZfiQalfi(Z).
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on top of
rocks

Figure 5 b - CDA-ordination diagram of spades data from riffles at the Birch River sites; £.
blennioides (B), £. caeruleum (R), £. camurum (C), £. tippecanoe (T), £. yafjfltum (V). and £.
zgoalfi(Z).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

!i
I

B

c
c
§

B

5 * z \
T

*

c
C

CD2

ZZ

z

V

Zz

B
B

z^ z

7

c t£
V C f?

c **

B

qp

cCc
C

c

z

c T

B B

^ 5 ^Z,R
R

C

B

<?

Z

0

Z

B

B

Z

zz

, a R
Z R

B

B

Z

RR R

vc

R

RR R
R £

-2

between
rocks

under
rocks
-2

vR

on top
of rocks

rz

■1

0

1

CD1
- Water velocity

75

R e p ro d u ce d w ith p e rm is s io n o f th e c o p y rig h t ow ner. F u rth e r re p ro d u ctio n p ro h ib ite d w ith o u t p e rm ission.

Eiflure g,a - CDA-ordination diagram of species data from riffle/pool habitat at the middle Elk
River site; £. caBTOdftS (C) and £ . macrocephala (M).
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f

Figure 6 c - CDA-ordination diagram of species data from riffle/pool habitat at the upper Birch
River site; £. caprodes (C) and £. macrocephala (M).
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3

4

Chapter 4

Influence of spatial scale on estimates of substrate use in benthic darters1

1Welsh, S.A. and S.A. Perry. Submitted. North American Journal of Fisheries
Management.
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Abstract - Benthic habitats in streams are heterogeneous, in part, because of
differences in rock size. Because of this variation in rock size, our perception of
substrate use in benthic fishes may be influenced by the spatial scale of observation.
We used a quadrat that was subdivided into 25 5X5 cm cells to examine substrate use
in seven species of darters at three spatial scales (25x25,15x15, and 5x5 cm areas).
Estimates of substrate use in darters differed across small changes in spatial scale
owing to substrate heterogeneity and the position of the darter relative to the substrate.
Estimates of substrate size increased with spatial scale for darters that occurred
between rocks but decreased with spatial scale for the greenside darter (a darter that
occurred on top of rocks). The eastern sand darter occurred on sand substrate (a
homogeneous habitat) and did not differ in substrate use across spatial scales. In
microhabitat studies, substrate use should be examined across several spatial scales
(particularly in fishes that occur in heterogeneous habitat), because estimates of
substrate use are affected by small changes in spatial scale.
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Stream substrate is an important component of fish habitat because it provides
spawning, foraging and resting areas, as well as protection from predators. Substrate
is typically heterogeneous (Palmer and Poff 1997), and can be estimated at several
spatial scales in a stream, such as the reach and riffle/pool (Hildrew and Giller 1992),
mesohabitat (Vadas 1992, Vadas and Orth 1997), and microhabitat ( Baltz 1990). The
influence of large differences in spatial scale on measurements of habitat, such as
observed at micro and macro scales, have been reviewed by Frissell et al. (1986) and
Minshall (1988). Macrohabitat and mesohabitat scales are primarily defined by the
physical characteristics of the stream, e.g. riffle and pool, or eddy and backwater.
However, microhabitat use, defined as “the fine-scale use of space at sites occupied by
>

individuals” (Baltz 1990), is often quantified within an observer-defined area. At a

|

microhabitat scale, little is known about the effects of small changes in spatial scale on
estimates of substrate use.
Visual estimation of substrate composition using quadrats has been employed in
studies of habitat suitability (Bovee 1986), and habitat use and partitioning (Stauffer et
al. 1996). Microhabitat use in fishes has been examined by using small quadrats, e.g.,
100 x 100 cm quadrat subdivided into 25 20 x 20 cm cells (Chipps et al. 1995), 76 x 76
cm quadrat divided into 16 19 x 19 cm cells (Greenberg 1991), 30 x 30 cm quadrat
subdivided into 9 10 x 10 cm cells (Simonson 1993), and 25 x 25 cm quadrat
subdivided into 25 5 x 5 cm cells (Stauffer et al. 1996). In microhabitat studies,
estimates of substrate use are likely influenced by spatial scale, particularly in streams
with high substrate heterogeneity (Cooper et al. 1997). However, little is known about
the influence of quadrat size on estimates of substrate use. Our objective was to
84
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determine if estimates of substrate use in seven benthic darters differed when
examined across small changes in spatial scale. Specifically, we tested the following
hypothesis: The sizes of rocks (as determined by rock diameter) that are associated
with benthic darters do not differ when measured within a 5x5 cm area, a 15x15 cm
area, and a 25x25 cm area. A test of this hypothesis addresses the issue of spatial
scale which is a central problem in both basic and applied ecology (Morris 1987, Levin
1992).
Methods
Data on substrate use were collected during a habitat partitioning study of
darters in the Elk River, West Virginia, and its largest tributary, the Birch River. Site
descriptions and methods are reported elsewhere (Welsh and Perry, In press).
Because preliminary analysis indicated that the Birch River contained smaller substrate
than the Elk River, we analyzed data on substrate use in darters from the two rivers,
separately. We report on substrate use of seven species of benthic darters (eastern
sand darter, Ammocrypta pellucida. greenside darter, Etheostoma blennioides. rainbow
darter, £. caeruleum. bluebreast darter, £. camurum. Tippecanoe darter, j=. tippecanoe.
variegate darter, £. variatum. and banded darter, £. zonaleV
The size of substrate used by darters was determined by centering a quadrat
(subdivided into 25 5x5 cm cells) at a darter location on the streambed. Then, the
dominant substrate size (based on a modified Wentworth scale, Cummins 1962) was
recorded for each cell (Table 1). The dominant substrate size was the most common
substrate size class (see Table 1) within a cell. At each darter location, two indices of
substrate use were calculated by averaging the scores for all 25 cells (the 25X25 cm
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area) and the 9 center cells (the 15X15 cm area). The score for the center cell (the
5X5 cm area) represented a third index of substrate use. Next, each of the three
indices (the 25X25, 15X15, and 5X5 cm areas) were averaged by species to obtain an
estimate of substrate use at each spatial scale for each species. The position of each
darter relative to the substrate was also recorded (under, between, or on top of rocks).
If a darter occurred under a rock, then that rock was removed from the 25x25 cm area
and excluded from analysis (but see discussion).
Substrate data were treated in two ways. First, we plotted indices of substrate
use by spatial scale. Because substrate size classes are ordinal data, their averages
were treated as indices of substrate use. These indices of substrate use were plotted
to visually compare differences among the three spatial scales. Second, we plotted the
frequency of use by substrate size classes for each species. W e examined frequency
of use data with a Chi-square test to determine if significant differences (p<0.05) in
substrate use occurred across the three spatial scales (SAS 1989). Because spatial
scales (quadrats) were nested, substrate data among the 5x5 cm, 15x15 cm, and 25x25
cm areas were not independent. Although silt (substrate class 1) was sometimes
present within a quadrat, it was never the dominant substrate size. Of the nine
remaining substrate classes, we combined substrate classes 2, 3, and 4, and the last
two classes (9 and 10). Then, the 3X7 contingency table was analyzed with a ChiSquare Test of Homogeneity. If a significant difference (p<0.05) occurred, then
decomposition of the Chi-square was used to determine which spatial scales differed
(Snedecorand Cochran 1980).
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Results
Rainbow and banded darters occurred primarily in crevices between rocks,
bluebreast, Tippecanoe, and variegate darters were commonly found under rocks, and
greenside darters occurred on top of rocks (Fig 1.).

Indices of substrate size in the

Birch River were typically lower than those in the Elk River due to differences in rock
sizes between the two rivers (Fig. 2). In both rivers, sizes of rocks associated with the
five darters that occurred between or under rocks increased with spatial scale, whereas
indices of substrate use in greenside darters decreased with spatial scale (Figs. 2,3).
Areas of sand substrate larger than the 25X25 cm grid were used by the eastern sand
darter; therefore, indices of substrate use for this darter did not differ across the three
spatial scales.
Significant differences in use of substrate occurred among spatial scales in
rainbow, bluebreast, and banded darters at the Elk and Birch river sites. For these
three species, substrate size within the 5X5 cm area was significantly smaller (p<0.05)
than that within the 25X25 cm area. In addition, in bluebreast and banded darters at
the Birch River sites, substrate size within the 15X15 cm area was significantly smaller
(p<0.05) than that within the 25X25 cm area. In the 5X5 cm area, the size of
substrate used by rainbow, bluebreast, and banded darters at the Elk River sites and
by rainbow darters at the Birch River sites was significantly smaller (p<0.05) than that
within the 15X15 cm area in the two rivers.

Discussion
Two goals of microhabitat studies are often to quantify habitat use and niche
partitioning at small spatial scales. Microhabitat data provide basic ecological
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information needed for management plans ( Kessler and Thorp 1993, Freeman and
Freeman 1994). Although the sampling area (quadrat size) is observer-defined, it
should measure habitat that is ecologically relevant to the individuals of a particular
species. However, the habitat area that is important at a microhabitat scale varies
among species (Kotliar and Wiens 1990), between juveniles and adults (1968), and
temporally (Pringle et al. 1988). In addition, species with high vagilities may occur
within a wider range of habitat types than those that are more sedentary (Fausch and
Young 1995). This ecological variation, as well as other “noise”, such as intra- and
inter-observer variation (Wang et al. 1996), occurs when using a single sampling area
and can affect the way we perceive a fish's use of substrate. In addition, as indicated
by our research, the habitat that we perceive as important will differ depending on the
spatial scale of observation.
We found that indices of substrate use obtained at several small spatial scales
differed due to substrate heterogeneity and the position of the fish relative to the
substrate. Because of the natural sorting process of rocks in rivers, smaller rocks
occur within crevices between larger rocks. Consequently, this explains why substrate
size in the center cell of the quadrat was typically smaller than the mean of the 25 and
9 center cells for darters that occurred between rocks. For greenside darters, the
substrate score for the center cell was typically higher than the scores for 25 and 9
center cells owing to this species’ preferred position on top of larger rocks. After
removal of the overhead rocks, the position relative to the substrate in darters that
occurred under rocks was similar to that of darters that positioned themselves between
rocks (i.e. darters occurred primarily in the crevices between larger rocks). Excluding
88
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overhead rocks is problematic to the analysis of rock size used by darters that occur
under rocks, but does not influence our conclusions concerning spatial scale.
Presumably, a darter occurs under a rock because that rock provides shelter from high
water velocities or predators, therefore, the overhead rock is of ecological importance
to the darter. In this study, substrate under overhead rocks was examined, but is
probably less ecologically relevant than the overhead rock. By including the overhead
rock, an increase in spatial scale would likely decrease the estimate of substrate size
as it did for darters that occurred on top of rocks.
Presumably, darters occur in the crevices between large rocks not because of
the smaller substrate size, but rather to use areas of slow velocity for resting and
foraging or to be near cover. If so, then indices of substrate size at the 5x5 cm scale
may not be relevant for darters that occur in the crevices between large rocks, because
the larger rocks provide cover and areas of slower velocities necessary for foraging
and resting. Indices of substrate use for species that use microhabitats with
homogeneous substrate, such as the eastern sand darter, will change little over small
spatial scales like those examined in this study. Greenside darters typically occurred
on top of larger rocks; however, indices of substrate use for this species at the 15x15
and 25x25 cm spatial scales were smaller than those at the 5x5 cm scale. Therefore,
in darters that occur on top of rocks, such as greenside darters, indices at the 5x5 cm
area may be more important ecologically than those obtained at larger microhabitat
scales. In our study, greenside darters occurred in areas of slow velocity at the
mesohabitat scale (often in areas downstream of boulders). Therefore, one could
argue that the ecologically important area should include this upstream boulder (an
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area that was always larger than the 25x25 cm scale).

Conclusions
Indices of substrate use in darters differed when calculated at slightly different
spatial scales. The effect of spatial scale on indices of substrate use was influenced by
substrate heterogeneity and the position of darters relative to the substrate. Our
results indicate that data on substrate use collected at slightly different spatial scales
may not be comparable. In addition, data on substrate use collected from rivers with
different substrate availability may not be comparable. A standardized quadrat size
would be useful for increasing comparability among microhabitat studies on substrate
use; however, our findings indicate that the use of a single quadrat size can bias
estimates of substrate use. Because quadrat size influences our perception of
substrate use, we do not recommend a standardized quadrat size; but suggest that it is
important to examine substrate use over a range of spatial scales, particularly when
substrate use is being examined for several species.
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Table 1. Ranges of substrate size (diameter) and associated substrate classes used in
examining substrate use in darters. Substrate scores were used in calculating
estimates of substrate use and are averages of the range.
Range (cm)
0.0004-0.006
>0.006 and < 0.2
>0.2 and <1
>1 and <3
>3 and <5
>5 and <10
>10 and <15
>15 and <20
>20 and <25
>25

Class

Score

1
2
3
4
5
6
7
8
9
10

0.003
0.1
0.6
2.0
4.0
7.5
12.5
17.5
22.5
30.0

r

I
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Figure 1. Position of darters relative to the substrate (between and on top of rocks) in
the Elk River drainage, West Virginia.
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Figure 2. Estimates of substrate use by species (bars are two standard errors of the
mean) in the Elk ( • ) and Birch (O) rivers at three spatial scales. Sample sizes (n) are
for the Elk and Birch rivers, respectively.
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25x25

Figure 3. Frequency of substrate use in six darter species in the Elk and Birch rivers,
West Virginia.
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Concluding Remarks
The Elk River in West Virginia is one of several “islands" of high fish diversity in
the Mississippi River drainage and contains approximately 80 native fishes within its
3,968 km2 drainage area (Stauffer et al. 1995a). In this dissertation, I reported on 10
darter species, which is only a part of the diverse darter fauna in the Elk River. From a
conservation perspective, however, it is important to emphasize that the Elk River
ecosystem contains not only a high diversity of fishes, but also has a diverse fauna of
freshwater mussels, approximately 27 species (Taylor and Hughart 1981, Clayton
1995, J.L. Clayton personal communication), as well as an endemic crayfish, Cambarus
elkensis (Jezerinac et al. 1995). In this dissertation, the Elk River was recognized as
the site of one disjunct population of the Tippecanoe darter. The Elk River, however,
contains disjunct populations of several fishes with fragmented ranges, such as
Ifibthvomvzon bdellium. Lamoetra appendix. Erimvstax dissimilis. Noturus eleutherus.
Crystallaria asorella. Ammocrvpta oellucida. Etheostoma camurum. Etheostoma
mgpglatum, Etheostoma tippecanoe. Percina copelandi. Percina evides. Percina
macrocaphala, and Percina oxvrhynchus.
A conservation strategy should focus on understanding not only autecology,
population and community ecology (Simberloff 1988), and genetic structure (Smith and
Chesser 1981, Vrijenhoek et al. 1985, Meffe 1986, 1987, 1990, Allendorf and Leary
1988, Meffe and Vrijenhoek 1988), but also in preserving areas of high species
diversity that are isolated from other areas of high diversity (Williams et al. 1989, Li et
al. 1995), such as the Elk River in West Virginia. From a conservation perspective, the
uniqueness of the Elk River fish fauna as an area of high diversity clearly designates it
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as an evolutionarily significant unit (e.g., Li et al. 1995, Stauffer et al. 1995b). The Elk
River ecosystem is a valuable resource in West Virginia and our goal should be to
preserve its integrity. An understanding of one component of the Elk River ecosystem,
such as genetic diversity or the ecological requirements of its fish fauna, contributes to
only a part of this goal. Additional research is needed on the ecology of the Elk River
ecosystem, and emphasis should be placed on habitat preservation.
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